Measurement of telomere length currently requires a large population of cells, which masks telomere length heterogeneity in single cells, or requires FISH in metaphase arrested cells, posing technical challenges. A practical method for measuring telomere length in single cells has been lacking. We established a simple and robust approach for single-cell telomere length measurement (SCT-pqPCR). We first optimized a multiplex preamplification specific for telomeres and reference genes from individual cells, such that the amplicon provides a consistent ratio (T/R) of telomeres (T) to the reference genes (R) by quantitative PCR (qPCR). The average T/R ratio of multiple single cells corresponded closely to that of a given cell population measured by regular qPCR, and correlated with those of telomere restriction fragments (TRF) and quantitative FISH measurements. Furthermore, SCT-pqPCR detected the telomere length for quiescent cells that are inaccessible by quantitative FISH. The reliability of SCT-pqPCR also was confirmed using sister cells from two cell embryos. Telomere length heterogeneity was identified by SCT-pqPCR among cells of various human and mouse cell types. We found that the T/R values of human fibroblasts at later passages and from old donors were lower and more heterogeneous than those of early passages and from young donors, that cancer cell lines show heterogeneous telomere lengths, that human oocytes and polar bodies have nearly identical telomere lengths, and that the telomere lengths progressively increase from the zygote, two-cell to four-cell embryo. This method will facilitate understanding of telomere heterogeneity and its role in tumorigenesis, aging, and associated diseases.
Measurement of telomere length currently requires a large population of cells, which masks telomere length heterogeneity in single cells, or requires FISH in metaphase arrested cells, posing technical challenges. A practical method for measuring telomere length in single cells has been lacking. We established a simple and robust approach for single-cell telomere length measurement (SCT-pqPCR). We first optimized a multiplex preamplification specific for telomeres and reference genes from individual cells, such that the amplicon provides a consistent ratio (T/R) of telomeres (T) to the reference genes (R) by quantitative PCR (qPCR). The average T/R ratio of multiple single cells corresponded closely to that of a given cell population measured by regular qPCR, and correlated with those of telomere restriction fragments (TRF) and quantitative FISH measurements. Furthermore, SCT-pqPCR detected the telomere length for quiescent cells that are inaccessible by quantitative FISH. The reliability of SCT-pqPCR also was confirmed using sister cells from two cell embryos. Telomere length heterogeneity was identified by SCT-pqPCR among cells of various human and mouse cell types. We found that the T/R values of human fibroblasts at later passages and from old donors were lower and more heterogeneous than those of early passages and from young donors, that cancer cell lines show heterogeneous telomere lengths, that human oocytes and polar bodies have nearly identical telomere lengths, and that the telomere lengths progressively increase from the zygote, two-cell to four-cell embryo. This method will facilitate understanding of telomere heterogeneity and its role in tumorigenesis, aging, and associated diseases.
single cell analysis | stem cell | cell senescence T elomeres are the ribonucleoprotein structures that cap and protect linear chromosome ends from genomic instability and tumorigenesis (1, 2) . Intriguingly, telomere shortening protects against tumorigenesis by limiting cell growth (3, 4) , but also can impair tissue regenerative capability and cell viability (5, 6) .
Thus far, most assays of telomere length measure average telomere length from aggregates of many cells derived from dissected tissues, cultured cells, or blood (7) . Telomere restriction fragment (TRF) determination (1, 8) , a Southern blot-based technique, remains the "gold standard" for determining absolute telomere length, but requires a large amount of starting material (0.5-5 μg DNA) and several days for processing. Moreover, the requirements for gel electrophoresis and hybridization limit the scalability of this assay. Recently, a quantitative PCR (qPCR)-based method for telomere length measurement was developed, providing the convenience and scalability of PCR (9) . Although the DNA requirement (35 ng) for qPCR is significantly less than TRF, it still relies on populations of cells to derive sufficient amount of DNA.
Quantitative FISH (Q-FISH) allows sensitive visualization of relative telomere length from individual cells and individual telomeres, but this method requires many cells or metaphase arrested cells, which precludes its application to many sample types, including postmitotic cells, senescent cells, and other nondividing cells, and when only one actual cell is required to test. In addition, preparing chromosome spreads requires significant technical skill, and only proliferating cells within a population reach metaphase stage, so this analysis potentially biases the estimates of telomere length for a given cell population (10) (11) (12) . High-throughput Q-FISH, flow FISH, and single telomere length analysis can be used for telomere measurement of dividing, nondividing, and senescent cells, but these methods also require large cell populations (13) (14) (15) .
The ability to measure telomere length in single cells rather than relying upon average telomere length in cell populations or the entire tissue enables the study of biological heterogeneity on a cell-by-cell basis, an issue of fundamental importance for studies of aging, development, carcinogenesis, and many other diseases. Here, we demonstrate an accurate determination of telomere length in individual cells, with the resolution and scalability of the qPCR telomere length assay.
The basis of qPCR is that within a given cell, the ratio of the copy number of telomere repeats to the copy number of a multicopy reference gene is fixed (3), and this method, because of its simplicity, has been widely used to investigate a variety of telomere shortening-associated diseases (7), even sensitive enough to identify mild telomere dysfunction resulting from chronological life stress (16, 17) . We adapted qPCR to measure telomere length in individual cells by using a preamplification step that specifically targets both the telomere and multicopy genes, followed by a qPCR assay to obtain telomere to reference gene (T/R) ratio. A single-cell telomere (SCT) length measurement method (SCT-pqPCR) runs robustly, and shows an identical T/R ratio for two sister blastomeres from two-cell-stage mouse embryos. The average result from SCTqPCR with multiple single cells is linearly correlated to Q-FISH, TRF, and conventional qPCR assays designed for a large number of cells. The heterogeneity of telomere length among several populations of cells by SCT-pqPCR run on multiple single cells is consistent with-and sometimes superior to-results obtained by Q-FISH. Application of SCT-pqPCR to study telomere length during early embryo development, aging, and cancer demonstrate the value of this single-cell telomere length assay method.
Significance
Telomeres are the structures at the ends of chromosomes that protect these ends from degradation or joining to one another. Telomeres consist of repeat DNA sequences and the length is gradually eroded as the cell ages. The ability to measure telomere length in individual cells would be important for studies of cell senescence, malignancy, stem cell renewal, and human fertility. We have developed a robust and practical method for estimating the telomere length of single cells, and used this method to demonstrate the heterogeneity or changes of telomere length in several systems. A single cell possesses ∼6-7 pg of genomic DNA (18) , but the original qPCR assay requires nanogram amounts of DNA to measure telomere length (9) . To analyze telomere length in single cells, we developed a strategy based on qPCR of the telomere versus reference gene after parallel preamplification of these target sequences. The preamplification step consists of a multiplex PCR for a limited number of cycles in a single tube containing a single cell without physical gDNA extraction, to generate sufficient DNA for downstream qPCR, yet retain the natural ratio of the targeted sequences (Fig. 1A) .
Robust and faithful preamplification of the telomere sequence and reference genes from single cells, without distortion of their native ratio, is critical for this assay. To avoid DNA loss during physical purification, we used a lysis buffer containing EDTA and Nonidet P-40 to gently release DNA, retain DNA integrity, and remain compatible with the subsequent PCR. In addition, we tested various reference genes, from a single-copy gene to several multicopy genes, to normalize the telomere units. The single-copy gene, 36B4, serves as a reference gene in the conventional qPCR for telomere measurement (9) . However, 36B4 did not produce robust results for single-cell amplification, and the melting curve of 36B4 amplicons (mouse and human) frequently showed multiple peaks, in contrast to very robust telomere DNA amplification (see for example, Fig. S2A ), suggesting that the single-copy gene from a single cell may be unavailable for amplification in many conditions. Multicopy genes, some with thousands of copies of sequences throughput the genome, similar to telomeres, could provide more dependable amplification. We tested three multicopy genes (Alu, B1, and 18S rRNA) as reference genes and found that the relative telomere lengths measured with T/R for populations of human cells using multicopy genes Alu or 18S rRNA by qPCR were consistent with the results using the single-copy gene (36B4) (Fig. S1A ). The correlation between repeat Alu and 36B4 (R 2 = 0.9836) was slightly better than between 18S rRNA and 36B4 (R 2 = 0.9527) (Fig. 1B) . We also measured the absolute telomere length of human cell lines with the TRF method (Fig. S1B) . The telomere length of human cell lines by TRF was proportional to the T/R ratio, and again the multicopy gene Alu (R 2 = 0.8963) better correlated with TRF than did 18S rRNA (R 2 = 0.7064) (Fig. 1C) . The slight distortion of 18S rRNA may aise from an outlier in the measurement. We chose the multicopy gene Alu for human cells or the B1 sequence for mouse cell as our reference gene in single-cell telomere analysis, and suggest taking 18S rRNA as an alternative when required.
With single-cell DNA or amounts up to 10 ng DNA from HeLa S3 cells, the PCR reached a plateau when the cycle number was more than 20, regardless of the primers used. The mouse tail-tip fibroblast (TTF) showed a similar result (Fig. S2B ). We preamplified singlecell DNA from human lung fibroblasts using telomere and Alu primers simultaneously for 20, 18, 16, 14, or 12 cycles and found the Ct value proportionally increased with decreasing cycle number from 18 to 14 ( Fig. S1E ). To determine the optimal pre-PCR cycle number, we prepared standard curves for telomere and reference genes by amplification of a series of dilutions of genomic DNA. The standard curves were quite linear within DNA concentrations from 1 ng/μL to 16 ng/μL for human cells ( Fig. S2 C and D) and 0.375 ng/ μL to 6 ng/μL for mouse cells (Fig. S2C) . A comparison of the Ct value of standard DNA ( Fig. S2D ) and the Ct value after different numbers of pre-PCR cycles (Fig. S2E ) indicated that pre-PCR cycle numbers from 16 to 18 were optimal; therefore, we chose the preamplification cycle number 17 for human cells and 16 for mouse cells, because the telomere length of mouse generally is longer than that of human and, expectedly, requires fewer cycles for amplification. We should point out that the T/R ratio obtained for mouse telomeres cannot be directly compared with T/R ratio for human telomeres. We suggest that a correlation of T/R ratio measured by SCT-pqPCR with TRF (kb) by Southern blot should be established initially using a cell population for each species and for each laboratory.
Correlation of Average Telomere Length Estimated by SCT-pqPCR and
Telomere Length of Cell Populations by Conventional Methods. Although the results above demonstrated that the telomere length of single cells can be measured by our assay, it was necessary to compare average telomere length calculated by averaging the results of single-cell measurements by SCT-pqPCR to established methods, including qPCR, Q-FISH, and TRF, which measure average telomere length of cell populations. Based on the above data, we compared telomere length of a population of cells measured by conventional qPCR (Fig. S1A ) and Q-FISH ( Fig. 3 and Fig. S3 ) to average telomere length of single cells measured by SCT-pqPCR in human cell lines F171, F200, HeLa S3, RuES2, U2OS, and SaOS2 (Table S1 ). As expected, the data showed that single-cell telomere length by SCT-pqPCR significantly correlated with average telomere length of cell populations measured by conventional qPCR and Q-FISH; the Pearson test produced P values of 0.001 and 0.006, respectively ( Fig. 2 A and B) . We also analyzed the correlation between SCT-pqPCR and TRF (Fig.  S1B ) in human cell lines (F171, F200, HeLa S3, RuES2, and SaOS2). The Pearson test again showed that the average of singlecell telomere lengths measured by SCT-pqPCR was highly correlated with absolute telomere length by TRF, with a P value of 0.015 (Fig. 2C) . Interestingly, we found lower correlation between Q-FISH and TRF in these five cell lines (Fig. 2D) . Presumably, the heterogeneity of single-cell telomere lengths in cancer cell lines exceeds that of normal cell lines. In addition, variations in telomere lengths between dividing and nondividing cells may bias Q-FISH results, because Q-FISH measures telomere lengths only of dividing cells capable of arrest at metaphase, but the TRF and qPCR methods measure average telomere length of all cells. This finding further supports the value of the SCT-pqPCR method for telomere measurement of any individual cells independent of their replication rate or potential.
To further validate our assay, we measured telomere lengths in dilutions of preamplified DNA of F171 and F200 after preamplifying DNA with target primers (telomere and reference gene Alu). When the input DNA was 2 ng, the relative telomere length in F171 was longer than that of F200 (Fig. S4 ), but when the DNA quantity decreased to 0.4 ng, there was no significant difference in telomere lengths between fibroblast F171 and F200, P > 0.05 (Fig. S4) . Therefore, when the prepurified DNA drops below threshold value, one aliquot of the diluted DNA does not fairly represent the entire genome. The approximately 0.5-ng to 1-ng threshold for purified human genome DNA was observed in a whole genome amplification effort (19, 20) . The locus representation was significantly distorted when the input gDNA aliquoted from a large DNA pool is <0.5-1 ng. On the other hand, an intact single cell, although it contains only about 6-7 pg DNA, contains an entire set of genomic sequences including all telomeres.
Validation of Single-Cell Telomere Length Measurements by SCTpqPCR Using Various Assays. To validate single-cell telomere length measurements using our method, we chose two human cell types with different telomere lengths: HeLa S3 and 1301 human cell lines with average telomere lengths of 5 kb (15) and 70 kb, respectively. We also studied two mouse cell lines with different telomere lengths: embryonic stem cell (ESC) and TTF (21) . The telomere length for each single cell in the same population varied by SCT-pqPCR analysis, and these results were consistent with the Q-FISH telomere lengths (Fig. 3 A, C, D, and F) . Not unexpectedly, the calculated average telomere length of multiple single cells was significantly longer in mESCs than TTF in mice, and longer in 1301 human cells than HeLa S3 by SCT-pqPCR. The single-cell telomere length variations were found by SCT-pqPCR, and the variation also was identified by Q-FISH, with an independent sampled t test. The average T/R ratio of single cells measured by SCTpqPCR was consistent with that of a cell population measured by SCT-pqPCR (T/R) or by conventional qPCR (T/S) (S, single-copy gene) (Fig. 3 B and E) .
The limitation for the validation step above was that SCT-pqPCR and Q-FISH could not be performed for the same individual cells, and no somatic cells with identical telomere lengths could be reliably identified for this validation. To further validate the SCT-pqPCR assay, we measured telomere length in pairs of sister cells derived from two-cell mouse embryos and oocytes. Two-cell mouse embryos exhibit identical telomere lengths between sister blastomeres (22) , and human polar bodies (PBs) show telomere lengths nearly identical to their matched MII oocytes by Q-FISH analysis (23) . Telomere lengths were remarkably similar between sister blastomeres by SCT-pqPCR, P >> 0.1 ( Fig. 4A and Table S2 ), although the one-way ANOVA (Tukey test) indicated that differences existed between cancer cell, the hexagon represents human lung fibroblast from a 71-y-old donor (F200), the pentagon represents human lung fibroblast from a 14-wk gestation (F171), the triangle represents SaOS2 cells, the square represents human ESC (RuES2), and the circle represent U2OS cell. pairs of sister cells from different embryos. Correlation analysis showed the telomere lengths between sister cells were proportional by the Pearson test (P = 0.005) (Fig. 4B) . Telomere lengths between human oocytes (O) and their PBs demonstrated no significant differences by the paired samples t test, t = 0.603, P = 0.569 ( Fig. 4C and Table S2 ). Occasional (e.g., PB1/O1, PB6/O6) PB and oocytes exhibited different telomere lengths, which could represent degeneration in telomere DNA or biological differences. Curiously telomere lengths of oocytes and PBs in patients 6 and 7 were remarkably longer than other patients by one-way ANOVA test, P < 0.001 (Fig. 4C) . The telomere lengths of human oocytes correlated highly with the paired PB telomere lengths by liner correlation analysis (Fig. 4D) . Measurements of telomere length in pairs of human oocytes and PBs by SCT-pqPCR agreed with our previous studies (23) . Unlike sister cells of mouse two-cell embryos, telomere lengths between daughter cells of HeLa S3 frequently showed differences, although the correlation between telomere lengths in daughter cells was still high (Fig. 4 E and F, and Table S2 ).
SCT-pqPCR Identifies Telomere Length and Its Heterogeneity in Single
Cells from Various Cell Types. We used SCT-pqPCR to measure telomeres of human lung fibroblast cell lines from different aged donors and passage numbers. When comparing telomere length in cell populations, the average telomere length of human fibroblast F171 passage number (P)16 (from 14-wk gestation) and F204 P14 (from a 35-y-old donor) was longer (P < 0.05) than that of human fibroblast F200 P7 (from a 71-y-old donor) by Q-FISH and conventional qPCR, but the average telomere length did not differ (P > 0.05) between F171 P16 and F204 P14 (Fig. S5) . We then analyzed the single-cell telomere lengths between F171 P16 and F200 P7 by SCT-pqPCR. Remarkably, the telomere lengths of single cells differed in the same population of both F171 P16 and F200 P7 cells. Indeed, some single cells from F200 P7 had longer telomeres than F171 P16, as measured by SCT-pqPCR, a finding confirmed by Q-FISH analysis (Fig. 5 A and B and Fig.  S3 ). The coefficient of variation (CV) showed single-cell telomere length in F200 P7 to be more heterogeneous than F171 P16 (Table 1) . When human fibroblasts were continuously cultured (F171 P16 to P31 and F200 from P7 to P12), metaphase chromosome spreads were rarely available for analysis of cells at later passage, presumably because these cells had undergone senescence and failed to divide. Interestingly, SCT-pqPCR demonstrated increased variation in telomere length among cells at later passage compared with early passages (CV 0.486 in F171 P31 and 0.398 in F200 P12 vs. 0.169 in F171 P16 and 0.233 in F200 P7, respectively) ( Fig. 5A and Table 1) .
The above data show that telomere length varies among individual cells in a given population. We also analyzed telomere length of single cells in human ESC cultures (RuES2, telomerase activity-positive), cultured cancer cells (HeLa S3, telomerase activity-positive), and cultured osteosarcoma cells (U2OS and SaOS2, telomerase activity-negative) by SCT-pqPCR. As expected, average telomere length and variability among cells of a given population differed among these various cell types (Fig. 5A , and Fig. S3 A and C) . The telomere lengths of HeLa S3 cells varied more than other cell types, with a CV of 0.294 (Table 1) . Telomere lengths of single cells at metaphase in these cells (HeLa S3, Rues2, SaOS2, and U2OS) also showed extensive variations when measured by Q-FISH, confirming that single-cell telomere length varies within the same cell population (Fig. 5B, and Fig. S3 B and  D) . From the CV of different human cell lines as estimated by SCT-pqPCR and Q-FISH, the single-cell telomere lengths in cancer cell populations vary more than in early passage human fibroblast cell lines (Table 1) . Similarly, fibroblasts from older people show more heterogeneity in telomere length than those of young people, and cells at later passages show telomere length variations more than those at earlier passages.
In addition, as a very delicate case, we also successfully measured the telomere lengths of individual cells from mouse zygote to four-cell embryos (Fig. 5C) , and the average telomere length increased along with development of mouse embryos by SCTpqPCR (Fig. 5D) . Consistently, telomere length in developing mouse embryos was found to lengthen significantly from zygotes to the four-cell embryo stage (22) .
Discussion
Here we report the development and validation of single-cell telomere assay by qPCR (SCT-pqPCR), which provides simple, robust and high-quality analysis of telomere length in individual cells. SCT-pqPCR can measure the telomere length with an actual single cell, for example, each sister cell of a twocell mouse embryo, which are confirmed identical in T/R ratio. A linear relationship was demonstrated between average T/R values generated with SCT-pqPCR and absolute telomere length generated by TRF, Q-FISH, and conventional qPCR. SCT-pqPCR shows that the average telomere length and its variation within multiple single cells for human lung fibroblasts, embryos, and cancer cells, correlate with data obtained by conventional qPCR and Q-FISH with the corresponding populations of cells. Using this method, we found that the T/R value of early passage human fibroblasts to be relatively uniform, but later passages of human fibroblasts and cancer cells become increasingly variable, that human oocytes and PBs share nearly identical telomere length (T/R), and that the telomere length (T/R) is significantly increased from zygote to twocell and to four-cell embryos. SCT-pqPCR not only allows measurement of telomere length in single cells, independent of their ability to divide, but also provides a tool to estimate the heterogeneity of telomere length in cell populations.
One key to the successful establishment of our assay was identifying reliable multicopy genes, Alu and B1, to normalize telomere measurements. It is possible that aneuploidy may exist in cancer cells and embryos, and single loci may drop out during lysis and pre-PCR. The use of a multicopy gene also may help avoid amplification bias from single cells because it targets an abundant sequence, similar to the abundant telomere units, within the single cells. Because of the large number of Alu (500,000 copies) or B1 (150,000 members per genome) family units and their interspersion throughout the genome, small copy number variations, such as a deletion of a few megabases or even a few hundred new insertions, would not substantially affect the denominator. When desired, two reference genes [i.e., Alu (or B1) and 18S rRNA] may be used in combination in one assay. If the copy number of the reference gene (Alu or B1) were to change extremely significant among the test samples, 18S rRNA may be used alone to replace Alu (or B1) as the reference gene. Another key is the single-tube preamplification of the reference gene in parallel with the telomere sequences for a limited number of cycles by multiplex PCR, which avoids sample loss, and retains a faithful ratio of products, yet significantly expands material for measurements by qPCR. We found that SaOS2 cells proliferated more slowly. In addition, many cells undergo senescence and fail to reach metaphase stage, and thus cannot be measured by Q-FISH. These data demonstrate that SCT-pqPCR has an advantage over Q-FISH for telomere length at single-cell levels because it is not dependent on cell division and does not bias results when testing a heterogeneous population of cells consisting of both dividing and quiescent cells.
SCT-pqPCR is a simple, efficient, and accurate method for measuring cell-to-cell differences and heterogeneity in telomere length at the molecular level, comparable to RNA-seq, CpG methylation, and other functional genomics technologies. The significance of measuring telomere length in individual cells is evident in several respects. This process will facilitate the identification and functional studies of cancer stem cells and pluripotent stem cells, and distinguish them from other cells in mixed populations (24) , and advance our understanding of the molecular mechanisms underlying variation of individual cells in development, disease, senescence, and tumorigenesis (25) . Single-cell telomere estimation also may be particularly useful to predict the viability and chromosomal stability of oocytes and embryos for women undergoing assisted reproductive technologies.
Methods
Single-Cell Isolation and DNA Extraction. Human and mouse cell lines were cultured in regular media. Mouse embryos and human germinal vesicle oocytes were cultured in K -modified simplex optimized medium and human tubal fluid, respectively. The single cells were isolated and lysed in a PCR tube without physical purification before the first PCR. Genomic DNA of cell populations was extracted by the tissue and blood DNA extraction kit (Qiagen) following the manufacturer's instructions. The details are shown in SI Methods. See Fig. S6 for derivation of daughter cells and Table S3 for the sequence of primers used by qPCR.
Single-Cell Genomic DNA Amplification by PCR (pre-PCR) with Primers of Telomere and Reference Gene, and Product Purification. Pre-PCR was performed using DNA Polymerase Hot Start Version (TAKARA). The reactions were set up by aliquoting 38 μL of master mix into the 0.2 mL PCR tubes each with 2 μL single-cell genomic DNA. Each reaction was set up with by 4 μL 10× PCR buffer, 4 μL 2.5 mM dNTP, 0.25 μL DNA polymerase, 1 μL each of telomere forward and reverse primer (10 μM), and 1 μL each of multicopy gene forward and reverse primer (10 μM) or single gene primer 36B4 (10 μM) and enough water to make up a 40-μL final volume. Thermal cycler reaction conditions were set at 94°C for 5 min followed by different cycles of 94°C for 15 s, 60°C annealing for 30 s and extension at 72°C for 30 s, with a final extension for 10 min at 72°C. PCR products were purified following the protocol of the purification Kit (DNA clean and concentrator-5; Zymo Research). Finally the purified PCR products were eluted in 64 μL of double distilled water.
Q-PCR Assay for Average Telomere Measurement of a Cell Population. Average telomere length was measured from total genomic DNA of human cell lines by using the qPCR method previously described (9). First we followed the same protocol and chose the single-copy gene (36B4) as the reference. In addition, we chose multicopy genes (Alu and 18S rRNA) as reference genes and measured the average telomere length of different human cell lines. Each reaction included 10 μL 2× SYBR Green mix (Bio-Rad), 0.5 μL each of 10 μM forward and reverse primers, 4 μL molecular-filter water and 5 μL genomic DNA (7 ng/μL) to yield a 20-μL reaction. DNA samples were placed in adjacent three wells of a 96-well plate for telomere primers and reference gene primers, respectively. A Bio-Rad thermocycler (CFX system test) was used with reaction conditions of 95°C for 10 min followed by 40 cycles of data collection at 95°C for 15 s, 60°C anneal for 30 s and 72°C extend for 30 s along with 80 cycles of melting curve from 60°C to 95°C. To serve as a reference for standard curve calculation, mouse TTF and human fibroblast were serially diluted and qPCR performed as described above.
After thermal cycling was completed, the CFX manager software was used to generate standard curves and Ct values for telomere signals and reference gene signals. Here we used different reference genes for telomere length measurement, and each sample of DNA had one telomere signal and reference gene signal. The average telomere length was termed the T/R ratio instead of the T/S ratio.
Q-PCR Assay for Single-Cell Telomere Measurement. Telomere length of single cells was measured by qPCR after pre-PCR, purification and aliquoting. The reaction was set up with SYBR Green I in 96-wells plates. The purified products of Pre-PCR for each single cell were aliquoted with 5 μL into each well of a 96-well plate. Three repeat reactions were performed for each sample plus each pair of primers. The final master mix of each well in the qPCR was 10 μL 2× SYBR Green mix, 0.5 μL each of forward and reverse primer (10 μM for Tel, Alu, B1, and 36B4) and 4 μL of molecular-filtered water. The qPCR conditions were the same as above. The results were analysis by CFX manager software and the relative telomere length of single cells was calculated by the T/R ratio. Fig. S3 . F171 and F200 are human lung fibroblast from a 14-wk gestation and a 71-y-old donor, respectively. P16, P31, P7, and P12 refer to passage number. HeLa S3: human cancer cell. RuES2: human embryonic stem cell. U2OS and SaOS2: human osteosarcoma. Single-cell telomere length of human fibroblasts shortened with the age and passage number, and the heterogeneity of F171 and F200 increased with the passage. The later passage F171 P31 and F200 P12 were unavailable for metaphase telomere Q-FISH because of cell senescence and compromised division. (C) Telomere lengthening of single cells derived from mouse zygotes to four-cell embryos by SCT-pqPCR. Z, zygote; 2c, two-cell embryo; 4c, four-cell embryo. n = 6. (D) Analysis of average telomere length in different stage mouse embryos by Student Newman-Keuls test shows that telomere length elongates from zygote to four-cell embryo. n = 4. Bar is ± SD. The cycle number of pre-PCR is 17. n = 6.
Telomere Q-FISH. Telomere Q-FISH and quantification were performed as described previously (11, 22) .
Southern Blot Analysis of TRF.
Telomere restriction fragment analysis was performed as described by using the TeloTAGGG Telomere Length Assay Kit (Roche) according to the protocol provided by the manufacturer. The mean telomere length was calculated using the following (26): TRF = ∑(ODi)/ ∑(ODi/Li), where ODi is the chemiluminescent signal and ODi/Li is the length of the TRF at position.
Data Statistics. All of the data statistics were obtained by SPSS 13.0 software. The P value for comparison of two groups was derived from the independent-samples t test. The multiple groups' statistical data were analyzed with one-way ANOVA. The frequency of telomere distribution was compared by a nonparametric test. The correlation analysis was performed by the Pearson correlation test; α is set at 0.05 for all tests.
